Experiments in animal models have shown that the retina analyzes the image to identify the position of the plane of focus and fine-tunes the growth of the underlying sclera. It is fundamental to the understanding of the development of refractive errors to know which image features are processed. Since the position of the image plane fluctuates continuously with accommodative status and viewing distance, a meaningful control of refractive development can only occur by an averaging procedure with a long time constant. As a candidate for a retinal signal for enhanced eye growth and myopia we propose the level of contrast adaptation which varies with the average amount of defocus. Using a behavioural paradigm, we have found in chickens (1) that contrast adaptation (CA, here referred to as an increase in contrast sensitivity) occurs at low spatial frequencies (0.2 cyc/deg) already after 1.5 h of wearing frosted goggles which cause deprivation myopia, (2) that CA also occurs with negative lenses ( − 7.4D) and positive lenses ( +6.9D) after 1.5 h, at least if accommodation is paralyzed and, (3) that CA occurs at a retinal level or has, at least, a retinal component. Furthermore, we have studied the effects of atropine and reserpine, which both suppress myopia development, on CA. Quisqualate, which causes retinal degeneration but leaves emmetropization functional, was also tested. We found that both atropine and reserpine increase contrast sensitivity to a level where no further CA could be induced by frosted goggles. Quisqualate increased only the variability of refractive development and of contrast sensitivity. Taken together, CA occurring during extended periods of defocus is a possible candidate for a retinal error signal for myopia development. However, the situation is complicated by the fact that there must be a second image processing mode generating a powerful inhibitory growth signal if the image is in front of the retina, even with poor images
Introduction
During its growth phase, the vertebrate eye achieves a close match between the plane of focus of the image and the photoreceptor plane. Experiments in animal models have shown that the growth control is performed by the retina (Wallman, Turkel & Trachtman, 1978; which analyzes the image and detects both the presence and sign of defocus (Schaeffel, Glasser & Howland, 1988) . The role of image processing in higher visual centers appears marginal (Troilo, Gottlieb & Wallman, 1987; Wildsoet & Wallman, 1995) . Accommodation has only an indirect effect on eye refractive development (Schaeffel, Troilo, Wallman & Howland 1990) . Since it determines the sharpness of the retinal image, any retinal growth controller is dependent on the accommodative status.
Since the plane of focus in the eye varies continuously with the level of accommodation and viewing distance, the visual information to control eye growth can only be gained by averaging over time. The averaging procedure requires integration with long time constants. Most image processing tasks of the retina are fast and are, therefore, unlikely to provide slow signals suited for control of growth. Possible candidates are adaptational processes. In particular, since defocus acts as a low pass filter on the spatial frequency spectrum of the image, a possible candidate for a slow integrator would be spatial frequency specific contrast adaptation (CA) (Diether, Wallman & Schaeffel, 1997) . CA has previously been studied in the cortex where it has been shown to be spatial frequency selective (Georgeson & Sullivan, 1976) with time constants in the range of several minutes (Greenlee, Georgeson, Magnussen & Harris, 1991) . However, there is little information on a possible retinal contribution. Using pattern electroretinograms, Brigell, Peachy and Seiple (1987) did not find contrast adaptation in the retina while Odom and Norcia (1984) suggested a retinal contribution of 30%.
Experiments have shown that the mid spatial frequency range is most important for the retinal image processor controlling eye growth (Schmid & Wildsoet, 1998; Schaeffel, Weiss & Seidel, 1999) . The situation is similar for the mechanisms guiding accommodation (Stone, Mathews & Kruger, 1993) . Since contrast at high spatial frequencies declines rapidly even with little defocus, the operating range of a defocus detector would be very narrow at high spatial frequencies (Kruger, Nowbotsing, Aggarwala & Mathews, 1995; Schaeffel, Diether, Feldkaemper, Hagel, Kaymak, Ohngemach et al., 1998) . Probably for this reason, lower spatial frequency analysis is more powerful since it provides a larger operating range.
The time constants of retinal output signals for the control of eye growth can be experimentally studied. Frosted eye occluders or lenses that alter visual experience induce refractive errors. If the eye covers are removed for some fraction of the day, the magnitude of induced refractive errors declines in correlation with the amount of intermittent normal vision. Depending on the ratio of normal to altered visual experience, the refractions either stabilize after some days (chicks (Schmid & Wildsoet, 1998) ) or weeks (tree shrews (Siegwart, Shaikh & Norton, 1998) ) at an intermediate value (Siegwart et al., 1998) or they are entirely suppressed (Schmid & Wildsoet, 1996) . The experiments show that 30 min of intermittant normal vision suppress both deprivation myopia (Nickla, Panos, Fugate-Wentzek, Gottlieb & Wallman, 1989; Napper, Brennan, Barrington, Squires, Vessey & Vingrys, 1995) and negative lens-induced myopia (Schmid & Wildsoet, 1996) by 50%. Longer periods of normal vision are necessary to suppress hyperopia induced by positive lenses (Schmid & Wildsoet, 1996) . On the other hand, if the chicks are kept in the dark and vision is possible only with lenses, strikingly short exposure times are sufficient to induce correct changes in eye growth: less than 30 min per day (Diether & Schaeffel, 1999) or even only 4 min per day, provided in four single segments of only 1 min each (Wildsoet & Wallman, 1998) . Taken together, these experiments suggest that the time constants of a retinal error signal for control of eye growth are in the range of minutes.
Nothing is known about the nature of the retinal error signal that produces changes in eye growth. In the current study, we have tested the hypothesis that contrast adaptation (CA) is involved. In the present paper, CA is referred to as an increase in contrast sensitivity. To consider CA as a candidate for a retinal growth signal, frosted occluders, which cause deprivation myopia, should also cause adaptational changes in contrast sensitivity. Furthermore, negative lenses, which also produce myopia, should also cause CA and, since eye growth is controlled locally in the retina, CA must occur already at the retinal level. In addition to testing these assumptions, we have also tested the effects of two drugs, reserpine and atropine, on CA. Both drugs are known to suppress myopia in chicks (McBrien, Moghaddam & Reeder, 1993; Schaeffel, Bartmann, Hagel & Zrenner, 1995; Kaymak, Hagel & Schaeffel, 1997) . Furthermore, the effect of quisqualate, which destroys retinal amacrine cells, was studied. Quisqualate leaves the mechanisms of deprivation myopia intact despite the fact that it causes prominent retinal degeneration (Fischer, Pickett-Seltner, Poon & Stell, 1998) .
Material and methods

Animals
The chicks originated from a white leghorn egg strain from a local hatchery at Suppingen, Germany. They were kept in the animal facilities of the institute in chicken cages from day 1 post-hatching to day 11.
Treatment
Animals were pre-selected for the behavioural experiments based on their cooperation in the optomotor experiment (see below). They underwent different treatments after their individual pre-treatment contrast sensitivity had been determined. Each group consisted of 8-13 animals, except for two experiments, in which only four animals were used (see below). The number of animals for an experiment was determined by the number of animals that could be selected based on their cooperation. A group of 13 chickens was treated with binocular occluders (hand-made translucent plastic shells) for a period of 1.5 days. This period of time is certainly sufficient to produce potential retinal error signals, but it is too short to induce significant changes in refraction (average refraction: + 0.049 0.80D, n.s.). Therefore, the post-treatment measurements could be made without optical corrections. In the subsequently described groups, the treatment with occluders or lenses took only 1.5 h. Four groups of chickens were binocularly treated with negative lenses (power: − 7.4D). Two groups (n= 10, n = 4) were tested without cycloplegia and thus could clear defocused images partly by accommodation, whereas the two other groups (n = 4, n = 11) underwent cycloplegia before the lenses were put on. Another group of nine chickens, which underwent cyloplegia, was binocularly treated with positive lenses (power: +6.9D). Four groups of animals underwent binocular drug injections. Each animal of a group received the same drug in both eyes. The drugs were atropine sulfate (n =18), atropine methyl bromide (n = 5), reserpine (n= 10) and quisqualate (n = 5). To test the effect of vehicle injection on contrast sensitivity, an additional group of 18 animals was binocularly injected with saline. The effect of drugs on the chicks' refractive development and on their vitreal and retinal dopamine content was investigated by comparing drug-injected eyes and vehicle-injected fellow eyes.
Techniques
Refractions and axial eye length
Refractions and axial eye length were measured by automated infrared photoretinoscopy (Schaeffel, Hagel, Eikermann & Collett, 1994a) and A-scan ultrasonography (Schaeffel & Howland, 1991) , respectively.
Relati6e contrast sensiti6ity
Relative contrast sensitivity was measured in an optomotor experiment. Chicks were individually placed in the center of a large drum (diameter 66 cm, height 48 cm). Drifting stripes were projected on the inside wall of the drum via a tungsten light bulb with a straight filament surrounded by a rotating stripe cylinder (Fig.  1) . Stripe cylinders were made from clear plastic foil. Stripes were printed on the foil with a 600 dpi laser printer. To provide different stripe contrasts, cylinders with different stripe grey levels were made. To keep the average brightness of the stripe pattern independent of its contrast (Michaelson contrast), the gray levels of the darker stripes were lightened by a similar amount as the intermittant light stripes were darkened. Stripe contrast was directly measured by a calibrated photocell (United Detector Technologies) positioned at the wall of the drum at about the head height of the chicks and oriented towards its center. At a stripe frequency of 0.2 cyc/deg, the highest attainable contrast was only 17%. The contrast decreased from the top to the bottom by 48.8%, because the light bulb was positioned 40 cm above the ground rather than at half-height in the drum center for technical reasons. However, the chicks' attention was mainly attracted by the pattern at their head height which was about 12 cm above the ground. As can be calculated from geometrical optics, the maximal possible contrast with the projection method was determined by the ratio of the thickness of the filament to the width of the stripes. We plotted the intensity profiles of the stripe pattern and found that both at 0.2 and 0.5 cyc/deg, the pattern resembled much more a square wave than a sine wave. The illuminance in the drum, determined solely by the projected stripe pattern, was about 850 lux. Spatial frequency and speed of the stripes could be varied by stripe cylinders with different stripe frequencies and rotation speeds, respectively. To quantify smooth pursuit of the chicken head, the head was imaged from above by a video camera. After digitization of the video frames by a standard video board (Screenmachine II, Fast Electronics, Muenchen, Germany), the chickens' head orientation was automatically measured in each frame by a program written in Borland C+ + by FS. The program located two reflectant dots on the chickens' head and tracked their positions at 25 Hz sampling rate. After termination of the recording session, the program scanned through the recorded traces and selected the smooth tracking phases automatically by fitting linear regressions over 2 s intervals (50 data points). If the correlation coefficients of the fits were higher than 0.95, the corresponding data were assumed to belong to a smooth pursuit phase. The slopes of the regression provided the average angular head velocity, together with its standard deviation. Gain was defined as the ratio of angular head speed to angular stripe speed. It was found that the gain was a reliable measure of the chickens' contrast sensitivity. Over the ranges used in this study, the gain increased with stripe contrast and spatial frequency but not with stripe speed (Fig. 1) . In all optomotor experiments the control gains were measured first. After the treatment the chicks were re-measured and the pre-and posttreatment gains were compared. All post-treatment measurements were made after the occluders or lenses had been taken off.
Cycloplegia
Paralysis of the ciliary muscle was achieved by corneal application of eye drops containing the nicotinergic acetylcholine antagonist vecuronium bromide (Schwahn & Schaeffel, 1994) . Chickens received one drop of the solution every 5 min for a period of 25 min. Since the cycloplegic effect minimally lasted for 90 min, this period was chosen for the treatment with lenses under cycloplegia.
Application of drugs
Drugs were intravitreally injected as previously described (Schaeffel, Hagel, Bartmann, Kohler & Zrenner, 1994b) . In short, chicks were anesthetized by ether and 25 ml of drug dissolved in vehicle were injected with a 0.4 × 20 mm syringe into the vitreous through the sclera close to the upper margin of the orbit.
Histology
Chicks were killed by an overdose of ether. The eyes were enucleated, hemisected and the posterior eye cups were fixed in 4% paraformaldehyd. The tissues were washed in phosphate buffer (0.1 M) for 1 h and dehydrated in an ascending alcohol series (70-99%; each step took 1 h). The eye cups were pre-infiltrated in a solution of technovit 7100 and 99% ethanol (ratio 1:1) for 1 h. Over night the cups were infiltrated in a solution of 25 ml technovit, 0.25 ml polyethylenglycol and 0.25 g dibenzoylperoxid. After a barbituracid derivative had been added to the latter technovit solution (ratio 1:15) it was poured in capsules, the tissues were put in and the samples were polymerized (1 h at room temperature, another hour at 37°C). The samples were sectioned with a standard microtom, collected on slides, dried and stained with toluidin blue (0.1%). Finally, the sections were embedded in DBX.
Measurement of biogenic amines
Biogenic amines were measured by HPLC as earlier described (Ohngemach, Hagel & Schaeffel 1997 ).
Statistics
Student's paired t-test was used (a) to compare the pre-and post-treatment gains of the same animals; (b) to calculate significant effects of drugs on the refractive development; and (c) to calculate significant effects of drugs on the vitreal and retinal dopamine content. If two groups of chicks were compared, unpaired t-tests were made.
Results
Increase in contrast sensiti6ity after treatment with frosted translucent occluders
Frosted occluders reduce the contrast of the retinal image over a wide range of spatial frequencies (Bartmann & Schaeffel, 1994) . One would, therefore, expect that the visual system attempts to compensate for the low contrast at the respective spatial frequencies by increasing its contrast sensitivity (Georgeson & Sullivan, 1976) . The result of the optomotor experiment (Fig. 2) suggests that this was indeed the case. Before the occluders were attached, the chicks showed an average gain of 0.559 0.09 at an angular stripe speed of 48 deg/s and a gain of 0.539 0.07 at 57 deg/s. After 1.5 days of occluder wear, the gains were enhanced to 0.699 0.07 and 0.689 0.07, respectively. Both differences were significant (T= −3.19 and − 4.50, d.f. =7, P= 0.015 and B 0.01; Fig. 2A ). Assuming that gain is proportional to contrast sensitivity (which may not be perfectly true, Fig. 1, left) , it can be estimated that the measured increase in gain is equivalent to an increase in contrast sensitivity of about 30%. To make sure that the increase in gain was not simply an effect of learning or of an increase of contrast sensitivity with age, the same chicks were measured again after they had been without occluders for 1.5 days (Fig.  2B ). After this recovery period, contrast sensitivity had significantly decreased (P B 0.001 (48 deg/s) and B 0.01 (57 deg/s)) and had returned to control levels (at 48 deg/s: 0.529 0.05 (P =0.416 vs. start-up values); at 57 deg/se: 0.569 0.06 (P = 0.472)). The increase in gain after wearing occluders was measurable only with low contrast stripe patterns (8%). At higher stripe contrasts (12 and 17%), difference in contrast sensitivity no longer showed up in the optomotor experiment (Fig. 2C) , because the contrast versus gain curve seems to be at saturation. This result excludes that changes in the motor gain or selective changes in the contrast sensitivity of the motion pathways were measured rather than CA. The increase in gain at 8% contrast was already detectable after a treatment period of 1.5 h (48 deg/s: 0.67 9 0.05 vs. 0.62 9 0.08 (T= −3.29, d.f.=6; P=0.017); 57 deg/s: 0.689 0.05 Napper et al. (1995) have studied the suppression of deprivation myopia by intermittant periods of normal vision (Fig. 3A) . It can be seen that about 30 min of daily normal vision are sufficient for 50% suppression. The time constants for the reversal of CA following 1.5 days of occluder wearing seem to be in a similar range (Fig. 3B ). Significant recovery towards pre-test contrast sensitivity (PB 0.05-0.01 for a linear regression analysis) was measured in five of 12 chicks only (Fig. 3B, upper graph) . The time constants were in the range of 2-7 h. There is considerable variability in the decline of CA, but the same is also true for suppression of deprivation myopia by intermittant normal vision (Nickla et al., 1989) . The average gain of the whole sample of tested chicks also decreased during the recovery period (Fig. 3B, lower graph) . However, the regression was not significant over the 5 h observation period (r=0.151 for 60 measurement points, n.s.). This result might be due to the fact that the first subgroup, consisting of eight chicks, was measured too frequently (every 10 min during the first 2 h of recovery). Only one chick of this subgroup showed significant decay of CA. However, all chicks of the second subgroup, which was only measured once per hour, showed significant decline of contrast sensitivity (Fig. 3B, upper graph) . Fig. 2B shows that complete recovery does occur but it may take more that 5 h at least in some of the chicks. (8, 12 and 17%; C) . Significance (**, PB 0.01; ***, PB 0.001) was assessed using Student's paired t-test. (B) Effect of a recovery period of 1.5 days on deprivation-induced CA. The increase in contrast sensitivity caused by deprivation (day 0-1.5) and the restoration of the control gain (day 1.5-3) was measured at a pattern of 0.2 cyc/deg, 8% contrast and two different stripe speeds. Significance (**, P B 0.01; ***, PB 0.001) between the control-gain and the post-deprivation gain or rather between the post-deprivation gain and the post-recovery gain was assessed using Student's paired t-test.
Time course of contrast adaptation
Effects of negati6e lenses on contrast adaptation
If CA would be involved in the error signal for the control of eye growth, it should also be caused by defocus. The problem here is that the loss of contrast is very small at the low spatial frequencies tested in our optomotor experiment. It can be calculated from the modulation transfer function (MTF) for defocused systems (Smith, 1966) that there is virtually no change in contrast at 0.2 cyc/deg for −7.4D defocus (modulation transfer 0.922 at a posterior nodal distance of 5.16 mm and a pupil diameter of 3 mm). In line with the prediction, there was no change in contrast sensitivity after a treatment period of 1.5 days at this spatial frequency both with intact accommodation and under cyloplegia (data not shown). At a higher spatial frequency of 0.5 cyc/deg, the MTF predicts a contrast reduction by 42.26%. With intact accommodation there was, again, no significant change in contrast sensitivity (data not shown). However, with cycloplegia, contrast sensitivity was enhanced after wearing negative lenses of −7.4D power for 1.5 h (gain 0.8290.04 vs. 0.759 0.03 at a pattern of 8% contrast and 57 deg/s stripe speed, t = −3.85, d.f.=10, P =0.003; at 48 deg/s: gain 0.779 0.04 vs. 0.7390.04, t = −2.5, d.f.= 9, P = 0.034 (Fig. 4, left graph) ). The lack of a significant increase in gain at 0.5 cyc/deg with intact accommodation could be due to the low number of animals tested (n= 4) or due to the fact that the animals partly refocused their retinal images. Testing at higher spatial frequencies will permit to study the effects of even little defocus on CA.
Effect of positi6e lenses on contrast adaptation
Since negative lenses of −7.4D had no effect at 0.2 cyc/deg, the effect of postive lenses was only tested using a pattern of 0.5 cyc/deg and 8% contrast. Only chickens that underwent cycloplegia were tested. At 0.5 cyc/deg, the MTF predicts a contrast reduction by 38% for + 6.9D defocus for the worst case that all objects are at infinity. In reality, the chicks have mostly close distance viewing targets so that they have reasonably good vision with the plus lenses even under cycloplegia. Unexpectedly, after 1.5 h of positive lens wearing there was still a significant increase of contrast sensitivity of similar magnitude as found with negative lenses (at 57 deg/s: 0.809 0.07 vs. 0.709 0.05, t= −3.12, d.f.=8, P= 0.014; at 48 deg/s: 0.76 9 0.06 vs. 0.699 0.05, t= − 3.14, d.f.= 7, P = 0.016 (Fig. 4, right graph) ).
Effects of drugs on refracti6e error de6elopment, contrast adaptation and retinal morphology
In line with previous reports (McBrien et al., 1993; Fischer et al., 1998) , intravitreal atropine sulfate eliminated deprivation myopia completely at a dose of 250 mg (Fig. 5, top) . The refractions of the atropine-treated occluded eyes did not differ from eyes with normal vision. With normal vision, atropine sulfate had no significant effect on refractive development since there was no difference to the saline injected eyes. As described by Wildsoet, McBrien and Clark (1994) , atropine sulfate also inhibits myopia induced by negative lenses (Fig. 5 , data from Wildsoet et al., 1994) but has little effect on hyperopia induced by positive lenses (Fig. 5 , data from Wildsoet et al., 1994) . Similar to atropine sulfate, reserpine suppressed both deprivation and negative lens-induced myopia (Fig. 5, middle) at an intravitreal dose of 2 mg (data from Schaeffel et al., 1995) . Finally, quisqualate which has severe effects on retinal amacrine cells at an intravitreal dose of 0.25 mg (Fischer et al., 1998) , increased the variability of the refractions with normal vision but both deprivation myopia and lens induced hyperopia could still be induced (Fig. 5, bottom) . How did these drugs affect contrast adaptation? 3.5.1. Atropine Strikingly, atropine sulfate increased the contrast sensitivity or, at least, the gain of the smooth head pursuit already 1 h after the injection (at a pattern of 0.2 cyc/deg and 8% contrast: gain 0.629 0.10 vs. 0.529 0.08 (57 deg/s stripe speed) and 0.609 0.09 vs. 0.499 0.09 (48 deg/s), t= −4.51 and 5.45, d.f.=17, PB 0.001). After atropine application, occluders did not enhance contrast sensitivity any further.
Reserpine
Similar to atropine, reserpine enhanced the contrast sensitivity to a level where no further increase could be induced by occluders (gain 0.649 0.09 (post-injection) vs. 0.579 0.07 (pre-injection) at a pattern of 0.2 cyc/ deg, 8% contrast and 57 deg/s stripe speed; t= −5.19, d.f.= 9, P= 0.001). The increase was measured after 3 Fig. 4 . Effects of negative lenses (graph on the left) and positive lenses (graph on the right) on contrast sensitivity. The pre-() and post-treatment gains () were measured at a stripe pattern of 8% contrast and 0.5 cyc/deg. During the whole period of defocus the accommodation of the chicks was paralyzed. Significance (*, P B 0.05; **, P B0.01) was assessed using Student's paired t-test. End-point refractions (measured after 7 days of treatment) of druginjected eyes (filled symbols) are compared to those of vehicle-injected eyes (open symbols) for four different visual conditions: unrestricted vision (leftmost column), deprivation (2nd column), defocus by negative lenses (3rd column) and defocus by positive lenses (rightmost column). Significance (*, P B 0.05; **, P B 0.01) was assessed using Student's t-test. If the ipsilateral and contralateral eyes of the same animals were compared, the paired t-test was used; if two groups of chickens were compared, the unpaired t-test was used.
Quisqualate
On average, quisqualate reduced the contrast sensitivity or, at least, the head gain 1 day after the injection and later. Most striking was the large inter-individual variability which is typical if the drug doses approach the range of toxicity (data not shown).
Effects of the drugs on retinal gross morphology
The retinas of eyes injected intravitreally with 250 mg atropine did not differ from the retinas of untouched control eyes 1 h after the injections (Fig. 6B vs. A) . In the eyes injected with reserpine at a dose of 2 mg, some apoptotic regions were visible after 10 days in the inner nuclear layer (Fig. 6C, see arrows) . The most destructive effect was exerted by 0.25 mg quisqualate where the inner nuclear layer was disorganized, the cell numbers reduced, and the inner plexiform layer reduced in thickness. Also, the number of ganglion cells was reduced (Fig. 6D) . It is striking that retinas of this kind were still able to detect the sign of imposed defocus and trigger correct changes in eye growth (Fig. 5) . The retina shown in Fig. 6D originates from a chick of the batch the data of which are shown in Fig. 5. 
Retinal 6ersus central CA
To merit consideration as a possible error signal for control of eye growth, CA must occur already at a retinal level. This is difficult to prove in behavioural experiments. An inter-ocular comparison does not help much since the visual pathways of both eyes are largely independent in the chick (Bell & Gibbs, 1977) . Also, the optomotor response could scarcely be elicited with monocular stimulation. The most convincing demonstration of a retinal process would be if CA could be shown by pattern electroretinogram (Brigell et al., 1987) . These experiments are underway.
We have tried another approach. With intravitreal application of drugs, potential changes in contrast sensitvity should either be retinal or, which seems less likely, the injected drugs enhance the gain of the chicken's head pursuit systemically. As already described above, atropine sulfate had a prominent effect on contrast sensitivity. After injection (1 h) of 250 mg into both eyes, the chicks showed a highly significant increase in contrast sensitivity (Fig. 7A, top graph) at two tested stripe speeds. Atropine methyl bromide, which does not pass through the blood brain barrier, was used at a five times lower dose (2.8 mM and 27 mg/25 ml, respectively) to avoid side effects (e.g. permanent squinting), which were observed at the equivalent dose (14 mM and 135 mg/25 ml, respectively). At this dose, there was still a small but significant increase in contrast sensitivity (t= −3.22, d.f.= 4, PB0.05, Fig. 7A , middle graph). However, also saline injections had a days. A group of six chickens was chosen to determine the time kinetics of the changes in contrast sensitivity. The reserpine injected chicks showed a slow increase in contrast sensitivity over a period of 3 days (control gain: 0.57 9 0.08/ 1 day post-injection (p.i.): 0.619 0.08/ 3 days p.i.: 0.6390.11) and a decline to baseline level over the next 4 days (5 days p.i.: 0.61 90.06/ 7 days p.i.: 0.60 9 0.11). However, the increase (P B0.05) with respect to the pre-injection gain was significant only at day 3. An untreated control group displayed no increase in contrast sensitivity over the 7 day observation period (gain at day 0: 0.60 90.05/ day 1: 0.59 9 0.04/ day 3: 0.59 90.07/ day 5: 0.61 90.09/ day 7: 0.619 0.08). Fig. 6 . Effect of intravitreal injections of 250 mg atropine, 2 mg reserpine and 0.25 mg quisqualate on the retinal gross morphology. The retina of an untouched control eye is shown for comparison. There were no changes visible 1.5 h after application of 250 mg atropine, some apoptotic regions in the inner nuclear layer 10 days after 2 mg reserpine, and severe degenerative changes 7 days after application of 0.25 mg quisqualate. CH, choroid; ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. minor effect on contrast sensitivity (t = −2.76, d.f.= 11, PB 0.05), at least at one of the two stripes speeds tested (Fig. 7A , lower graph) so the effect of atropine methyl bromide remains uncertain. It is, however, very probable that the highly significant increase in contrast sensitivity with atropine sulfate was an effect of atropine and not of the injection per se since the increase in contrast sensitivity with atropine sulfate was significantly larger than with saline (P B0.01; Fig. 7A , right column of figures). Taken together, these results do not unequivocally demonstrate a retinal origin of CA.
To identify further correlates of a local-retinal action of the drugs, we have measured their effects on dopamine release (as measured by its vitreal (Fig. 7B, top) and retinal content (Fig. 7B, bottom) ). Dopamine has been implicated in the visual control of eye growth (Stone, Lin, Laties & Iuvone, 1989; Rohrer, Spira & Stell, 1993; Ohngemach et al., 1997) . All drugs used in the present study affected dopamine release and retinal dopamine content. As has been previously described (Schaeffel et al., 1995) , 2 mg reserpine lowered vitreal and retinal dopamine content by about 80% 10 days after the injection (vitreal content from 0.949 0.44 to 0.219 0.08 ng/100 mg wet weight, t = 4.0, d.f.= 17, P = 0.001, retinal content from 10.189 2.44 to 2.289 1.23 ng/100 mg wet weight, t = −10.08, d.f.=23, P B 0.001 (unpaired t-tests); Fig. 7B ). Strikingly, atropine enhanced vitreal and retinal dopamine content for several hours. After the injection (3 h) the vitreal content was increased from 0.15 90.03 to 0.25 9 0.08 ng/100 mg wet weight and the retinal content was increased from 12.1692.36 to 13.4292.64 ng/100 mg wet weight (Fig. 7B) . Quisqualate lowered dopamine content both in the vitreous and in the retina severely by 60 and 93%, respectively (vitreal content from 0.209 0.09 to 0.08 9 0.18 ng/100 mg wet weight, retinal content from 11.89 3.54 to 0.839 0.52 ng/100 mg wet weight, t= −7.50, d.f.= 5, PB 0.001). In summary, all drugs affected the dopamine metabolism although the directions of the changes were not correlated with the directions of the changes in refractions. A trivial explanation for a lack of a correlation cannot be given but similar findings are not new. It has been previously shown that reserpine and 6-hydroxy-dopamine lower dopamine levels and suppress myopia at the same time (Schaeffel et al., 1995) , whereas dopamine agonists are also claimed to suppress deprivation myopia (Stone et al., 1989) .
Discussion
We have found in a behavioural paradigm that contrast adaptation (CA) occurs at low spatial frequencies following deprivation or defocus of both signs under cycloplegia. CA could be measured only with low contrast patterns (8%) and was not detectable at higher contrasts (12 and 17%). After induction of CA, the time constant for recovery to baseline contrast sensitivity was slow but sensitivity was back to baseline levels after 1.5 days. The complete recovery (Fig. 2B ) and the fact that untreated chicks showed no increase in optomotor gain over a 7 day observation period makes it unlikely that CA was just an effect of learning. CA was also induced by drugs that had previously been shown to affect refractive development. It remains still uncertain whether CA occurs at a retinal level. However, the observation that the effects of drugs, that also changed contrast sensitivity, on dopamine metabolism were confined to the injected eyes suggests a retinal process. Taken together, the data are in line with our hypothesis figure) and the retinal dopamine content (lower figure) . Both figures show significant differences between treated eyes and control eyes. In the case of quisqualate, the vehicle-injected eye and the drug-injected eye were additionally occluded. In the case of atropine, a statistically significant (P B 0.002) increase in dopamine content was found if the data for 1 -5 h post-injection were pooled. Significance (*, P B0.05; **, PB 0.01; ***, P B 0.001) was assessed using Student's paired or unpaired t-test.
that retinal CA is involved in a retinal error signal for visually-acquired myopia.
Can the complete mechanism of emmetropization be explained by CA?
Both positive and negative defocus cause a symmetrical drop in contrast and content of high spatial frequencies (Walsh & Charman, 1989) . Nevertheless, experiments have shown that the sign of defocus is extracted even from very poor images (Diether & Schaeffel, 1999) and CA cannot explain the development of hyperopia with poor images. This is disturbing since it shows that the development of myopia and hyperopia must be separately considered. Since both types of defocus cause CA, the development of hyperopia can only be explained if a powerful growth inhibiting signal is generated to override myopization in those cases where CA was produced by an image in front of the retina. It would be most important to identify this signal in future studies since it can be engaged to prevent myopia very effectively. Unfortunately, to date there is neither a model on the underlying image processing nor information on the biochemical nature of the signal.
At least, both types of myopia (induced by frosted occluders and by negative lenses) share a number of common features, like similar inhibition by interruption of treatment (Napper et al., 1995; Schmid & Wildsoet, 1996) similar suppression by flicker light (Schwahn & Schaeffel, 1997) , similar pharmacology (Wildsoet et al., 1994 (atropine) ; Schaeffel et al., 1995 (reserpine) ), and involvement of CA (present study). Therefore, it is likely that CA is similarly involved in both cases. However, it should also be mentioned that there are also recent claims of differences between both types of myopia (Kee, Marzani & Wallman, 1998) .
Action of drugs on CA
It is surprising that both atropine and reserpine enhance contrast sensitivity at low spatial frequencies. The underlying mechanisms are unclear. It is known that dopamine has an effect on receptive field sizes and, accordingly, can affect the spatial contrast sensitivity function (Bodis-Wollner & Tzelepi, 1998) . However, reserpine and atropine had opposite effects on dopamine content and release. The effects of atropine were unspecified and are not mediated by muscarinergic transmission as shown by the doses required for suppression of deprivation myopia (50% suppression at 25 mg, (Kaymak et al., 1997; Fischer et al., 1998) ). Also, Fischer et al. (1998) have shown that atropine can inhibit deprivation myopia even after nearly all cholinergic amacrine cells had been eliminated by quisqualate toxicity. It could be that the increase in dopamine release following atropine application counteracts the drop that normally occurs during deprivation (Stone et al., 1989; Rohrer et al., 1993; Ohngemach et al., 1997) .
Both with atropine and reserpine, there was no further increase in contrast sensitivity after treatment with frosted occluders. It could be that the lack of CA was only a ceiling effect in the optomotor experiment. However, this argument can be discharged because, in other experiments (at higher stripe contrasts) even higher gains were reached.
One would expect that the chicks, in which contrast sensitivity was enhanced by treatment with atropine or reserpine, would all develop myopia. By contrast, myopia was blocked rather than induced. This is a puzzling finding. However, drugs have complex effects on retinal processing and it could be that the fact that the system was blind to the changes in visual experience counted more than a global shift in CA from the drugs. Since both drugs that suppressed myopia also had effects on CA, it could be that myopia development could be inhibited by suppressing contrast adaptation. However, more drugs need to be tested in the future to support this hypothesis.
Magnitude of the expected CA during natural 6iewing conditions, i.e. extended reading
The chicks showed measurable CA with the − 7D lenses at 0.5 cyc/deg only under cyloplegia. With intact accommodation, no CA was measured. Apparently, our behavioural technique was not sensitive enough to detect CA produced by 1.5 h of defocus, which partly was cleared by accommodation. The major limitation of our technique was that higher spatial frequencies could not be tested. If, for instance, measurements would have been done at 1 cyc/deg, the contrast transfer would already be zero for −7D defocus (MT = 0.03; posterior nodal distance 5.16 mm, pupil size 3 mm). It is likely that CA would then have been detectable even with intact accommodation. The set-up has to be modified in the future to measure a larger range of spatial frequencies from the chicken contrast sensitivity function (range 1−7 cyc/deg). Schmid and Wildsoet (1997a) have shown that even low power lenses close to the depth of focus of the eye (1D) are compensated. But this does not impose a problem to the CA hypothesis since, for example, at 4 cyc/deg, 1D defocus causes already a contrast reduction to 52% of the input value and can, therefore, induce significant CA.
Another unexpected prediction that follows from the contrast adaptation model is that compensation of negative lenses should be slower in the presence of accommodation. There are no published data against or in favor of this assumption. Negative lenses are equally well compensated with intact and lesioned ciliary nerves (Nau, Troilo & Wildsoet, 1998) but the speed of compensation is not known. By comparing chicks with spectacle lenses and hard contact lenses, Schmid and Wildsoet (1997b) have shown that the accommodation gain does not affect refractive compensation. Again, no data on the speed of compensation are available.
Is there enough defocus to trigger CA under natural viewing conditions which are reputed to be myopigenic (e.g. reading) also in humans? It is known that children who become myopic tend to under-accommodate prior to myopia onset (Goss, 1991; Goss & Jackson, 1996) . We have also found that adults under-accommodate during reading by a small but significant amount of about 0.3D . At the peak of the contrast sensitivity function (5 cyc/deg), already a defocus of 0.3D causes a drop in contrast down to zero (pupil size 6 mm, posterior nodal distance 16.7 mm). Therefore, significant CA can be expected at 5 cyc/deg already if the defocus is as low as 0.3D for extended periods of time.
